In this work, the preparation of nanocomposites based on poly(L-lactide) PLLA and graphite nanoplatelets (GNP) was assessed, by applying, for the first time, the reactive extrusion (REX) polymerization approach, which is considered a low environmental impact method to prepare polymer systems and which allows an easy scalability. In particular, ad hoc synthesized molecules, constituted by a pyrene end group and a poly (D-lactide) (PDLA) chain (Pyr-D), capable of interacting with the surface of GNP layers as well as forming stereoblocks during the ring opening polymerization (ROP) of L-lactide, were used. The nanocomposites were synthesized by adding to L-lactide the GNP/initiator system, prepared by dispersing the graphite in the acetone/Pyr-D solution, which was dried after the sonication process. DSC and X-ray diffraction measurements evidenced the stereocomplexation of the systems synthesized by using the pyrene-based initiators, whose extent turned out to depend on the PDLA chain length. All the prepared nanocomposites -including those synthesized starting from a classical initiator, that is 1-dodecanol -retained similar electrical conductivity, whereas the thermal conductivity was found to increase in the stereocomplexed samples. Preferential localization of stereocomplexed PLA close to the interface with GNP was demonstrated by Scanning Probe Microscopy (SPM) techniques, supporting for an important role of local crystallinity in the thermal conductivity of the nanocomposites.
Introduction
Improving the properties and expanding the application fields of polymers from renewable origin, such as polylactide (PLA), which is the object of the present work, represent a significant challenge to make these materials a real alternative to fossil based polymers. 1 With this aim, different fillers/nanofillers, such as silica, 2 layered silicate, 3 POSS 4 and graphite, 5-11 were starting from the commercial 1-pyrenemethanol (Pyr-OH), are constituted by a short chain of PDLA and a pyrene end group (Pyr-D). The exploitation of such initiators is expected to promote from one side specific interactions of pyrene terminal groups with the surface of graphite layers 21 and from the other allow to obtain stereoblock systems, whose structuration might occur close to the graphite surface (Figure 1) . It is worth underling that the stereocomplexation, which is generated by the strong interactions between L-lactyl and D-lactyl unit sequences, can improve the properties of PLA-based materials. 22, 23 Although PLA stereocomplex systems have been intensively investigated, 22, 23 the influence of the stereocomplexation on the polymer thermally conductive properties was not previously reported to the best of the authors' knowledge. In fact, high interest in currently focused on thermally conductive polymer composites for exploitation in several engineering applications, including low temperature heat recovery and heat storage, heat exchangers for corrosive environment and flexible heat spreaders. [24] [25] [26] 
Materials and methods
Biochem (The Netherlands). Before polymerization, the monomers were purified by three successive recrystallizations from 100% (w/v) solution in anhydrous toluene and dried under vacuum at room temperature. Tin(II) 2-ethylhexanoate (Sn(Oct)2) (95%; from Sigma-Aldrich), 1-pyremethanol (Pyr-OH) and 1-dodecanol, from Sigma-Aldrich, were used without further treatments. All the solvents (i.e., anhydrous toluene (≥99.7%), methanol and acetone) were purchased from Sigma-Aldrich and used as received. Graphite nanoplatelets (GNP, G2Nan grade, Figure 1S) , with lateral size ~ 10÷50 μm, thickness ~ 10 nm, Surface area ≈ 40 m 2 g -1 ,
Raman ID/IG ≈ 0.06, Oxygen content ≈ 1.7 at.% (XPS, O1s signal), were kindly supplied by Nanesa (I) and used as received.
Pyr-D synthesis. Pyrene-based oligomers, named Pry-D, were synthesized by ring-opening polymerization (ROP) of D-lactide, using Pyr-OH as initiator and Sn(Oct)2 as a catalyst, in bulk at 120 °C. 27 The details about the synthesis are reported in the Supporting Information.
Preparation of PLLA-based systems by reactive extrusion. Different initiators, both commercial and ad hoc synthesized, were used in the ROP of L-la by reactive extrusion. Indeed, 1-dodecanol and two Pyr-D oligomers, with different average molar masses, were exploited in the above polymerization and the resultant samples were coded as follows: PLLA_DOD_R (PLLA prepared in the extruder, by using 1-dodecanol as initiator), PLLA_Pyr_2500_R (PLLA prepared in the extruder, by using a pyrene-based oligomer with molar mass of 2500 g/mol as initiator) and PLLA_Pyr_8000_R (PLLA prepared in the extruder, by using a pyrene-based oligomer with molar mass of 8000 g/mol as initiator). The sample prepared by applying a common batch reactor was defined with the letter "B", such as PLLA_DOD_B (PLLA prepared in the batch reactor, by using 1-dodecanol as initiator). Moreover, for the nanocomposites, the ©2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ letter "G" was added to the above described codes. The initiator concentration in the reaction mixture was adjusted in order to obtain the same molar mass for all the synthesized samples. For the preparation of the nanocomposites, an appropriate amount of GNP, to obtain 5 wt.-% in the final product, was first dispersed in anhydrous acetone containing the initiator, by sonication in a sonic bath (Ney Ultrasonic) at 40 Hz for 1 hour. The above mixture, dried in vacuum at room temperature to completely remove the solvent, was added to a previous purified L-la. The same procedure was followed in the preparation of the neat systems. The polymers were prepared by melt mixing the lactide/initiator or lactide/initiator/GNP mixture into a co-rotating twin screw micro-extruder (DSM Xplore 15, Netherlands) for 5 minutes at 100 rpm and 230°C. Then, Sn(Oct)2 ([L-la]/[Sn(Oct)2] = 10 3 ) was added and the process was carried out (constant screw speed and temperature) until the decrease of the melt viscosity, which occurred after ca. 5 minutes (see details in the Results and Discussion part).
Characterization. FTIR spectra were recorded on a Bruker IFS66 spectrometer in the spectral range 400-4000 cm -1 . 1 H-NMR spectra were collected with a Varian NMR Mercury Plus instrument, at a frequency of 300 MHz, in CDCl3 solutions containing tetramethylsilane as internal standard. Pyr-D samples were analyzed by applying this technique.
The GPC analysis was performed on THF solutions using a 590 Waters chromatograph equipped with refractive index and ultraviolet detectors and using a column set consisting of Waters HSPgel HR3 and HR4 with a flow rate of 0.5 mL min -1 . The column set was calibrated against standard PS samples. backscattered electron detector was used to examine the composite morphologies. The samples were submerged in liquid nitrogen for 30 min and fractured cryogenically. Nanocomposites were sputter-coated with a thin carbon layer using a Polaron E5100 sputter coater. GNP were deposited on SiO2/Si and observed without any further preparation.
Differential scanning calorimetry (DSC) measurements were performed with a Mettler-Toledo TC10A calorimeter calibrated with high purity indium and operating under flow of nitrogen. The sample weight was about 5 mg and a scanning rate of 10 °C/min was employed in all the runs.
The samples were heated from 25 °C to 230 °C, at which temperature the melt was allowed to relax for 1 minute, then cooled down to -10 °C, and finally heated up again to 230 °C (second heating scan).
Static wide-angle X-ray diffraction was carried out in reflection mode a Philips PW 1830 powder diffractometer (Ni-filtered Cu Ka radiation, k = 0.1542 nm).
Electrical conductivity (volumetric) was measured on disk-shape specimens (thickness and diameter of 1 and 25 mm, respectively) prepared by compression molding with a homemade apparatus described in previous works. 25, 28 The conductivity value was calculated with the following formula: (1) where S and l are the specimen surface and thickness, respectively; V is the voltage and I the electric current, both read by the apparatus. with a Kapton sensor (radius 3.189 mm) on disk-shaped specimens (prepared by compression molding of dried nanocomposites) with thickness and diameter of about 4 and 15 mm, respectively. Before each measurement, specimens were further stored in a constant climate chamber (Binder KBF 240, Germany) at 23.0 ± 0.1 °C and 50.0 ± 0.1 %R.H. for at least 48 h before tests. The test temperature (23.00 ± 0.01 °C) was controlled by a silicon oil bath (Haake A40, Thermo Scientific Inc., USA) equipped with a temperature controller (Haake AC200, Thermo Scientific Inc., USA).
SPM measurements were carried out on an Innova microscope from Bruker. The VITA module was used for the collection of nano-thermal analysis (Nano-TA) curves. FMM measurements were carried out using FESPA-V2 probes. Detailed description of SPM measurements is reported in the Supporting Information.
Results and discussion
The preparation of nanocomposites based on poly(L-lactide) (PLLA) and graphite nanoplatelets (GNP) was first concentrated on the synthesis of oligomers, made of a poly(D-lactide) (PDLA) chain attached to a pyrene end group, to be further used as initiators of the L-lactide (L-la) polymerization accomplished by reactive extrusion (REX). Indeed, the ROP of D-lactide (D-la), employing 1-pyremethanol (Pyr-OH) as the initiator, was carried out, as described in the Experimental Section, by using a simple bulk method, thus avoiding the exploitation of solvents.
The FTIR spectra of the crude reaction products (not shown) were recorded to verify that the conversion of D-la was close to completion. After purification, the polymerization products were characterized by means of 1 H-NMR spectroscopy (see Figure 2S ) and the signals identified ©2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ according to the literature. 29 The mean degree of polymerization, based on 1 H-NMR spectroscopy, was calculated by comparison of the peak integral of the methine protons in the polylactide chain with those at the chain end (at δ 5.16 and δ 4.35 ppm, respectively). The molecular masses of the oligomers (2500 g/mol and 8000 g/mol) calculated by 1 H-NMR, turned out to be in satisfactory agreement with the theoretical values, thus demonstrating a fine control of the polymerization reaction (see Supporting Information).
In order to verify the feasibility of the polymerization reaction by applying the reactive extrusion process, the characteristics of the polymers synthesized by using the latter approach (PLLA_DOD_R) and the classical bulk polymerization (PLLA_DOD_B) were compared ( Table   1S ). The synthesis were carried out employing the same conditions and 1-dodecanol as initiator as well as Sn(Oct)2 as catalyst, without adding other additives, in order to maintain the process as simple as possible. In particular, in the case of the REX method, the torque required for screws rotation was recorded as a function of time and the reaction was stopped when the former started to decrease, i.e. at the beginning of the polymer scission. As shown in Figure 3S , by applying the conditions reported in the Experimental Section, the decrement of the torque occurred approx. 5 minutes after the addition of the catalyst. It is worth underling that the same torque trend was found for all the prepared polymers and nanocomposites. Indeed, the application of the above residence times (<10 min) allows to figure out a feasible exploitation of the polymerization process. (Table 1S ) was obtained for PLLA_DOD_R whereas the presence of the peak characteristic of the monomer at 936 cm -1 in the FT-IR spectrum ( Figure   4S ) for PLLA_DOD_B evidence for the incomplete conversion. This observation is in agreement with previous literature reports, 13 and it is explained by the limited diffusion of the monomer in ©2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ the static glass reactor, whereas a more efficient mixture is expected during melt compounding in the microextruder. Similar spectra were obtained for the other samples prepared by applying the reactive extrusion.
Complete monomer conversion
The molar masses of the synthesized polymers, (Table 1S) , were found to be higher for the sample prepared by the bulk process than that synthesized by REX, Mn being ca. 50·10 3 g·mol -1 and 30·10 3 g·mol -1 for PLLA_DOD_B and PLLA_DOD_R, respectively. This finding is likely related to the absorption of humidity by lactide during the reactive processing in the compounder. Nevertheless, the molecular weight distribution (MWD) turned out to be slightly narrower in the sample prepared in the extruder, namely 1.3 and 1.5 for PLLA_DOD_R and PLLA_DOD_B, respectively. It is worth underling that the value of MWD calculated for PLLA_DOD_R is even smaller than those generally reported in the literature for PLA prepared by reactive extrusion. 15 It is possible to infer that the reduced residence time as well as the exploitation of initiator molecules allow controlling the polymerization, which occurs with limited intermolecular transesterification reactions, although in our system stabilising agents were not used. Moreover, very similar molar masses were found for all the synthesized samples, owing to the initiator concentration which allowed to get the same degree of polymerization.
The direct linkage of PLLA molecules to the pyrene-based initiators, constituted by a PDLA chain, was proved by washing the samples with acetone, namely a solvent for the Pyr-D oligomers but not for PLLA. The amount extracted from the pyrene-based samples was about 1-2 wt.-% with respect to the starting mass, that is a quantity lower than the amount of initiator added to the reaction mixture and which may be also due to the removal of the catalyst. The dispersion of GNP in the nanocomposites was evaluated by means of FE-SEM analysis. The comparison of the micrographs of the cryogenically fractured nanocomposites, PLLA_DOD_R_G (Figure 2a ) and PLLA_Pyr_2500_R_G (Figure 2b) , evidences in both the samples a homogenous distribution of GNP particles, whose flake dimensions are in the range of 10 µm or less. It is worth underlining that the other nanocomposite sample, prepared by using the Pyr_8000, had a very similar morphology. The above results demonstrated the applicability of the used approach for the preparation of nanocomposites characterized by a uniform distribution of the filler.
The thermal properties of the prepared composites were compared with those of the neat PLLA samples (Figure 3) . Table 1 summarizes all the relevant data extracted from the DSC measurements. DSC traces of the PLLA samples, shown in Figure 3A and related to the second heating scan, evidence, for all the analysed systems, a melting endotherm at ca. 170 °C, which corresponds to the melting of homocrystals. Furthermore, the samples prepared by using the pyrene-based initiators, together with the above melting peak, show another endotherm at higher temperature (around 220 °C), whose amount turned out to be affected by the PDLA chain length, clearly reflecting the longer PDLA block. Indeed, the above peak, which is ascribable to the melting of stereocomplex crystallites, demonstrated the structuring of the Pyr-D chain with those of PLLA. The addition of GNP to the reaction mixture was found to affect the thermal properties of the resultant materials. In all the samples, an increase of the crystallization temperature, more relevant in the case of PLLA_DOD_R_G and PLLA_Pyr_2500_R_G, occurs. This finding evidences that the filler acts as a nucleating agent for the crystallization of the polymer system.
Moreover, it is worth underling, especially in the case of the sample PLLA_Pyr_2500_R_G, the specific nucleation effect of GNP on the stereocomplex crystal formation, which phenomenon has been already reported in the literature. 6 Nevertheless, comparing the DSC data, it is clear that all the nanocomposites are characterized by a similar overall crystallinity, which is around 60 %.
Therefore, effects on conductivity by volume exclusion, previously proposed for stereocomplexed PLLA/PDLA/CNT nanocomposites 30 are not expected in this work. The detail data of the sample crystallinity is given in Table 2S . The crystalline structure was also studied by means of WAXD measurements. The patterns of the sample prepared by using 1-dodecanol, both neat and with GNP, shows the typical peaks of the -form (at 2 of 15°, 17° and 19°) of homocrystalline PLLA. 22 In the case of the systems based on pyrene oligomers, in addition to the above signals, peaks at 2 of 12°, 22° and 24° appear, which are characteristic of the stereocomplex crystallites. 22 The subscripts m and c indicate the values measured during melting and crystallization, respectively. ΔH is the enthalpy, normalized to the PLLA content. The subscript ms indicates the value measured for the stereocomplexed fraction.
The effect of GNP on the electrical properties of the polymer system was studied by comparing the conductivity (σ) of the neat PLLA with those of the nanocomposites (Table 1) . While PLLA is electrically insulating with an electrical conductivity in the range of 10 -12 S·m -1 , the addition of GNP to PLLA leads to a dramatic increase in the electrical conductivity of the nanocomposites, achieving values in the range of ~ 10 -4 S·m -1 , thus evidencing the formation of a percolating network.
terms of thermal conductivity and the results are shown in the PLLA_Pyr_8000_R does not significantly change  of the polymer, which is coherent with the similar total crystallinity. Indeed, thermal conductivity is known to primarily depend on the total crystallinity of the polymer, 26, 33 while different polymer crystalline forms are expected to have minor effect on the thermal conductivity, as long as the total crystallinity is below 70-80%.
As expected, the addition of GNP to the polymer matrix turns out to significantly influence the In order to explain the peculiar behaviour of our prepared systems, some aspects related to the thermal conductivity of composites have to be considered. In general, the thermal conductivity is determined by the structure and properties of both the polymer and the fillers, the dispersion and distribution of particles within the (nano)composites and the interactions between polymer ©2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ chains and conductive particles, as well as between particles within a percolating network. 26 Pyrene-terminated PLA chains may indeed act as compatibilizers between the conductive GNP particles and the polymer matrix, which may enhance the thermal conductivity by different possible phenomena. While the presence of a compabilizer may affect the degree of dispersion of GNP, the thermal resistance associated to the GNP-polymer interfaces may also be reduced as a consequence of polymer-GNP non covalent bonding, resulting in a better heat transfer between GNP and the polymer matrix. Finally, given the presence of a dense percolating network of GNP witnessed by the electrical conductivity of all nanocomposites, contact thermal resistance between partially overlapping GNP flakes may also play an important role in the overall thermal conduction. 26 In particular, the presence of a highly ordered polymer layer between the GNP flakes may in principle result in a higher efficiency of heat transfer between nearby GNP flakes, taking into account that highly crystalline polymers are known to reach significantly higher thermal conductivity. 26 Indeed, pyrene-terminated compatibilizers able to selforganizestereocomplexed PLA domains were designed on purpose, aiming at the controlled organization of crystalline domains close to the surface of GNP. In fact, both Pyr_2500 and Pyr_8000 were found effective in increasing thermal conductivity in the presence of GNP, compared to the reference PLLA_DOD_R_G. Despite similar total crystallinity was found in PLLA_Pyr_2500_R_G and PLLA_Pyr_8000_R_G, a difference in thermal conductivity was observed, that might be related to difference in local organization of crystals onto the GNP. To investigate the formation of stereocomplex and to gain insight in its spatial organization within the composite, SPM analyses were performed on cryo-cut surfaces. Dispersion and distribution of GNP was evaluated on for PLLA_DOD_R_G and PLLA_Pyr_8000_R_G (Figure 5S) ,
showing a fair distribution of flakes, with thickness in the range of ten nanometers and lateral ©2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ size in the range of a few microns, in agreement with FESEM analyses reported above.
Furthermore, NanoTA allows allowed monitoring the local thermal expansion as a function of temperature, thus providing a nanoscale characterization of the thermal properties. Nano-TA was indeed validated as a sensitive nanoscale method to verify formation of stereocomplex (see Supporting Information for details, Figure 6S) . Nano-TA analyses were carried out on the nanocomposites surfaces in several points, either a) in close proximity (<100 nm) to nanoflakes oriented perpendicularly to the surface, representative of the properties of the PLA/GNP interfacial region, or b) at distance > 1μm from the nanoflakes, reflecting properties of the PLA matrix (Figure 4) . In PLLA_DOD_R_G, for both points close and far from the interface with 
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